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A dimensionless measure of otolith mass asymmetry, w, was calculated as the difference between
the masses of the right and left paired otoliths divided by average otolith mass. Saccular otolith
mass asymmetry was studied in eight ﬂatﬁsh species (110 otolith pairs) and compared with data
from a previously published study on roundﬁshes. As in the case of symmetrical ﬁshes, the
absolute value of w in ﬂatﬁshes does not depend on ﬁsh length and otolith growth rate, although
otolith mass and the absolute value of otolith mass difference are correlated with ﬁsh length.
The values of w were between 02 and þ02 in 964% of ﬂatﬁshes studied. The mean  S.E.
value of w in ﬂatﬁshes was signiﬁcantly larger than in standard bilaterally symmetrical marine
ﬁshes (‘roundﬁshes’), respectively 0070  0006 and 0040  0006. The most prominent
distinction is the existence of downside prevalence of saccular otolith mass in ﬂatﬁshes, which
contrasts with no right–left prevalence in roundﬁshes found in a previous study. In the right-
eyed ﬂatﬁshes (Soleidae), the left saccular otoliths are heavier than the right otoliths. In the left-
eyed ﬂatﬁshes (Bothidae and Citharidae), the right saccular otoliths are heavier than the left
otoliths. Not all ﬂatﬁshes, however, ﬁt in this design: 118% of ﬂatﬁshes studied had the heavier
saccular otoliths in the upside labyrinth and 54% of ﬂatﬁshes had no otolith mass asymmetry
(within the accuracy of the analysis). At the same time, the more mobile ﬂatﬁshes (bothids and
citharids) have more symmetrical and, hence, more precisely organized saccular otolith organs
than the bottom-associated ﬂatﬁshes (soleids). It is possible to assume that the value of the
otolith asymmetry is not only correlated with ﬂatﬁsh placement in a particular family, or
position of eyes, but also may correlate with general aspects of their ecology. Mathematical
modelling indicated that for most ﬂatﬁshes one-side saccular prevalence had no substantial
signiﬁcance for sound processing. On the other hand, calculations showed that 49% of ﬂatﬁshes
(but only 145% of roundﬁshes) have jwj which exceed the critical level and, in principle, could
sense the difference between the static displacement of the large and small paired otoliths. At
that, the number of the soleids that could sense this difference is greater than the number of the
bothids and citharids, 84 and 27%, respectively. # 2008 The Authors
Journal compilation # 2008 The Fisheries Society of the British Isles
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INTRODUCTION
Otolith mass asymmetry may be responsible at least partly for both space illu-
sionary sensations and space motion sickness in human subjects and abnormal
behaviour when ﬁshes are subjected to weightlessness during parabolic or space
ﬂight (Egorov & Samarin, 1970; Hoffman et al., 1977; Von Baumgarten et al.,
1982). Mathematical modelling has shown that acoustic functionality (sensitiv-
ity, temporal processing and sound localization) of a ﬁsh can be altered by oto-
lith mass asymmetry due to incompatibility and incongruity of the right and
left otolith movements (Lychakov & Rebane, 2005). There are some extreme
values of otolith asymmetry in ﬁshes (Lychakov, 1996; Lychakov et al.,
2006). Obviously, to avoid the detrimental effects due to mass discrepancy,
a large otolith asymmetry must be accommodated by the central nervous sys-
tem or at the macular level. The questions arise: what degree of otolith asym-
metry does have an affect on the functioning of otolith organs? Does the
natural otolith asymmetry have substantial implication for sound and vestibu-
lar processing for most ﬁshes?
Teleosts are well-suited biological models for assessing the physiological role
of otolith mass asymmetry because the compact otoliths can easily be quanti-
tatively assessed. Otolith mass asymmetry was studied in 811 otolith pairs of 77
bilaterally symmetric teleost species (roundﬁshes) (Lychakov et al., 2006).
Mathematical modelling has indicated that for most roundﬁshes, otolith mass
asymmetry is well below critical values, so that most roundﬁshes do not experi-
ence functional impairment as a result of otolith mass asymmetry (Lychakov &
Rebane, 2005; Lychakov et al., 2006). In contrast to roundﬁshes, otolith asym-
metries have been reported in ﬂatﬁshes (Nolf, 1985; Campana, 2004; Helling
et al., 2005). These asymmetries seem at ﬁrst glance quite natural because ﬂat-
ﬁshes (Order Pleuronectiformes) have the most asymmetric shape and lateralized
behaviour of any ﬁshes. During their metamorphosis, ﬂatﬁshes undergo a 90° tilt
to the right or left side to become bottom-adapted animals (Platt, 1973; Graf &
Baker, 1990; Schreiber, 2006). At the same time, the otolith organs do not rotate
within the skull, as the eyes do, and retain their individual structural orientation
relative to the dorsal ﬁn (Fig. 1) (Platt, 1973; Sogard, 1991). It is possible to
assume that the otolith asymmetries revealed in adult ﬂatﬁshes, may have as
yet unknown adaptive signiﬁcance.
The aims of the present study were to quantify otolith mass asymmetry in
a large number of ﬂatﬁshes and to model its inﬂuence on auditory and vestib-
ular functions. Because the ﬂatﬁsh sacculi are involved in both hearing and
gravity (vestibular) perception (Chapman & Sand, 1974; Graf & Baker, 1990)
only this organ was chosen for investigation.
MATERIALS AND METHODS
Data used in the analysis were collected from eight species of adult Pleuronectiformes
from the Catalan coast (north-western Mediterranean) caught with an epibenthic
dredge (Table I). All ﬁshes were obtained in experimental trawl cruises; all ﬁshes were
dead when they arrived on board. Experimental procedures for extracting and prepar-
ing otoliths for the study were published previously (Lombarte & Morales-Nin, 1995;
Lombarte et al., 2006) and are brieﬂy described here. Standard lengths (LS) were
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measured from the tip of the snout to the base of the tail prior to removal of otoliths.
After dissection of the auditory capsules, saccular otoliths were removed from each
side, rinsed in distilled water, air-dried at room temperature for several days and then
weighed on an OHAUS (Pine Brook, NJ, U.S.A.) analytical plus balance with a preci-
sion of 00001 g. For comparison, previously collected data from marine ﬁshes (74 spe-
cies, 608 saccular paired otolith) were used (Lychakov et al., 2006).
FIG. 1. Schematic drawings of (a) the premetamorph ﬂatﬁsh larva from a top view and (b) adult right-
eyed ﬂatﬁsh from a side view (not to scale). The premetamorph ﬂatﬁsh larva is pelagic with dorsal ﬁn
upright, and with lateralized eyes. The adult ﬂatﬁsh lies on the left side (blind-side) with dorsal ﬁn
horizontal, and both eyes are on the right side (eyed-side). The saccular otoliths are in the
conventional morphological position relative to the dorsal ﬁn in premetamorph and adult ﬂatﬁshes.
Right and left saccular otoliths are represented as short black strips. They deviate from the mid-
sagittal plane of the ﬁsh by an angle 45°. b is an angle between the longitudinal axis of the ﬁsh and
the axis of stimulation. I and II correspond to the situation such that the sound direction (arrow) is
coincident or not with the longitudinal axis of the ﬁsh.
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The dimensionless otolith mass asymmetry (w) was calculated from: w ¼ (MR  ML)
M1, where MR and ML are the otolith masses of the right and left paired otoliths and
M is the mean mass of the right and left paired otoliths.
Theoretically w can change from 2 to 2, and w ¼ 0 corresponds to the absence of
mass asymmetry (MR ¼ ML), whereas w ¼ 2 or w ¼ 2 corresponds to the maximal
asymmetry (absence of one otolith). A positive sign of w means that the right otolith
mass is larger than the left paired otolith mass and a negative sign means the reverse
situation. The absolute value of otolith mass asymmetry, jwj, is the value without a sign,
i.e. j002j ¼ 002 and jþ002j ¼ 002. The relationship between a species’ w and its
otolith growth rate was also examined. The species’ otolith mass asymmetry jwjspecies
was calculated as the average of individual values of jwj for each species. To evaluate
otolith growth rate the relationship between otolith mass and LS, M ¼ bLS þ a, where
b is the coefﬁcient characterizing the growth rate of the otolith and a is a constant
(intercept) for the given species.
Mathematical models were applied for analyses of otolith displacements with regard
to the otolith mass asymmetry and otolith mass under sound stimulation or gravity
(Lychakov & Rebane, 1993, 2000, 2004, 2005). Mathematical analyses were based on
a number of biophysical assumptions denoted previously and four morphological oto-
lith rules (Lychakov & Rebane, 1993, 2000). The basic equation, which describes otolith
centre-of-gravity motion, was the equation for pendular oscillations (De Vries, 1950;
Lychakov & Rebane, 1993, 2000).
To reveal the role of otolith mass asymmetry on auditory functions, the equation
of motion for the otolith centre-of-gravity interacting with a plane sinusoidal wave
propagating along the x-axis within limits of the direct stimulation mechanism was con-
sidered (Fay & Popper, 1980; Rogers et al., 1988; Lychakov & Rebane, 1993, 2000).
The x-axis coincides with the long axis of ellipsoid-shaped otolith when the effect of
otolith mass asymmetry is modelled on sound sensitivity and temporal processing
and with the longitudinal axis of the ﬁsh when the effect of otolith mass asymmetry
is modelled on sound localization.
Modelling the effect of otolith mass asymmetry on sound sensitivity was based on the
assumption that the asymmetric otoliths move different distances, when subjected to
a plane sinusoidal acoustic wave (the model has been detailed in Lychakov & Rebane,
2005). Due to the difference between oscillation amplitudes, the sensitivity of right and
left otolith organs must be different. Generally, the greater jwj and M are, the higher the
difference between oscillation amplitudes of paired otoliths (DAxRL) and the higher dif-
ference in sensitivity between right and left paired otolith organs at frequencies around
which the otolith amplitude displacements are maximal (nmax) (Lychakov & Rebane,
2005). Note, that the sensitivity of the otolith organ is deﬁned as the otolith displace-
ment amplitude relative to the macula, per unit displacement of the water and the ﬁsh’s
body (Lychakov & Rebane, 2000). Thus, with a knowledge of DAxRL, it is possible to
model the effect of otolith mass asymmetry on sound sensitivity.
Modelling of the effect of otolith mass asymmetry on temporal processing was based
on the assumption that the asymmetric otoliths move in different time patterns, when
subjected to the plane sinusoidal acoustic wave (the model has been detailed in Lychakov
& Rebane, 2005). Due to the phase shift (u) the left and right paired otoliths attain their
maximal displacement at different points in time. Generally, the greater M and jwj are,
the higher the value of u and the higher time difference at frequencies particularly
around nmax (Lychakov & Rebane, 2005). The phase shift does not depend on the ampli-
tude of the displacement of the water and ﬁsh’s body within the acoustic ﬁeld (Lychakov
& Rebane, 2005). Thus, calculating u, it is possible to model the effect of otolith mass
asymmetry on time difference when the left and right paired otoliths attain their maximal
displacement.
Finally, the effect of otolith orientation and mass asymmetry on sound localization
was modelled. Consideration of this modelling must be prefaced by a brief account of
some features of interaction of the ellipsoid-shaped saccular otoliths in roundﬁshes with
a plane sinusoidal wave (Lychakov & Rebane, 2005). The principal roundﬁsh model is
based on the following facts and assumptions: (1) the direction of a plane sinusoidal
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wave and the ﬁsh’s longitudinal axis are parallel to the horizontal plane, (2) w equals
zero, i.e. MR ¼ ML, (3) the saccular macula is nearly planar, perpendicular to the hor-
izontal plane and deviates c. 45° from the ﬁsh’s mid-sagittal plane [Fig. 1(a)] (Dale,
1976; Fay & Popper, 1980; Lu et al., 1998), (4) the physiological response of the sacculus
is a cosine function of the angle between the plane of the macula and the axis of
stimulation (Fay & Popper, 1980; Sand, 2002), (5) the macula physiological response
is linear with otolith displacement (Hudspeth & Corey, 1977; Ohmori, 1987) and (6)
the modelling does not take into account a role of the diversity of saccular hair cell ori-
entations on the macula. Based on these facts and assumptions, the previously elabo-
rated mathematical model has shown that if the sound direction is coincident with
the longitudinal axis of the ﬁsh, i.e. b ¼ 0° [situation I; Fig. 1(a)], the difference between
the right and left otolith displacements will be zero. Hence, the physiological responses
of both sacculi will be equal. If the sound direction deviates from the longitudinal axis
of the ﬁsh, i.e. b 6¼ 0 [situation II; Fig. 1(a)], the difference between the right and left
otolith displacements is not zero. In this case, as calculated by Lychakov & Rebane
(2005), for every angle b there is a unique value of the difference between the right
and left paired otolith displacements and, respectively, unique difference between phys-
iological responses of right and left sacculi. Using this unique physiological difference,
the roundﬁshes can determine the azimuth of sound direction but with 180° ambiguity
and for given amplitude of plane sinusoidal wave. It must be stressed that if the direc-
tion of the plane sinusoidal wave is coincident with the mid-sagittal plane of the ﬁsh, the
otolith displacements of the right and left paired otoliths and physiological responses of
both sacculi will be equal for all sound directions. Thus, the roundﬁshes cannot use the
difference between the right and left saccular otolith displacements for effective determi-
nation of elevation of sound direction.
The existence of mass differences between the right and left paired saccular otolith
can pose some problems for sound localization (Lychakov & Rebane, 2005). If, for
example, the right otolith is heavier, the otolith displacements and physiological re-
sponses are asymmetrical, and the right side response will be greater than left side
(Lychakov & Rebane, 2005). The asymmetric response pattern in a ﬁsh with the right
otolith mass prevalence is identical in shape and amplitude to the response pattern in
other ﬁsh without otolith mass asymmetry but as if the sound direction had been biased
to the right side (Lychakov & Rebane, 2005). In the other words, if the sound direction
is parallel to the ﬁsh’s longitudinal axis, it will appear to a ﬁsh with right otolith mass
prevalence that the sound source is situated at the right angle to its longitudinal axis.
Generally, the greater M and w are, the higher the value of the apparent deﬂection
angle, ba, between the true and perceived sound directions (Lychakov & Rebane, 2005).
Based on these assumptions and considerations, the roundﬁsh mathematical model was
applied to ﬂatﬁshes, but with regard to the unique orientation of their saccular otoliths.
To reveal the role of otolith mass asymmetry on vestibular function we used the
mathematical model of the response of the ellipsoid-shaped otolith to the action of
gravity (Lychakov & Rebane, 2000, 2004).
RESULTS
MORPHOMETRIC MEASUREMENTS
In all ﬂatﬁshes taken together, 964% of values of w were between 02 and
þ02. The mean  S.E. value of jwj was 0070  0006, n ¼ 110. The mean val-
ues of jwj for individual species are given in Table I. For comparison purposes,
data for ﬂatﬁshes taken together and previously collected data for marine ﬁshes
(Lychakov et al., 2006) were compared. According to a two-sample t-test the
mean  S.E. value of jwj in ﬂatﬁshes was signiﬁcantly larger than in marine
roundﬁshes: 0070  0006, n ¼ 110, for ﬂatﬁshes, and 0040  0006, n ¼ 608,
for marine roundﬁshes (P < 005).
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According to the regression analysis, in all ﬁshes taken together there was no
relationship between LS and jwj (P > 005) (Fig. 2). The results of the regression
analysis for individual species are given in Table I. The regression of jwj on LS
was signiﬁcant only for the common sole Solea solea (L.) jwj ¼ 0003LS þ
01532 (LS in cm) (P < 005, n ¼ 10).
For all ﬂatﬁsh species, with the exception of thickback sole Microchirus var-
iegatus (Donovan), there was an obvious linear correlation between M and LS.
The mean  S.E. r2 for all eight species studied had a high value 078  009,
n ¼ 8. The regression analysis showed that there was no relationship between
otolith growth rate, b and jwjspecies (P > 005, n ¼ 8).
According to the regression analysis, in all ﬂatﬁshes taken together there was
a relationship between LS and otolith mass difference, jDj (P < 0001).
Thus, in the majority of ﬂatﬁshes studied (964%) irrespective of LS and posi-
tion of the eyes, saccular otolith mass asymmetry was low, jwj < 02. There was
no relationship between LS and absolute value of saccular otolith mass asym-
metry w. The value of the saccular otolith mass asymmetry jwj does not depend
on otolith growth rate. On the other hand, otolith mass and otolith mass dif-
ference correlated with LS.
In the majority of right-eyed (left side blind) Pleuronectiformes (Table I), the
left saccular otoliths were heavier than the right otoliths (Fig. 3). According to
the Wilcoxon sign rank test and sign test, the preferred location of the heavier
otolith on the blind side of the ﬁsh was signiﬁcant (P < 0001). The mean  S.E.
value of w for all right-eyed ﬁshes taken together was 0078  0012, n ¼ 43.
The mean value of jwj was 0092  0009, n ¼ 43. In the majority of left-eyed
(right side blind) Pleuronectiformes (Table I), the right saccular otoliths were
heavier than the left otoliths (Fig. 4). According to the Wilcoxon sign rank test
and sign test, the preferred location of the heavier otolith on the blind side
of the ﬁsh was signiﬁcant (P < 0001). The mean  S.E. value of jwj for all
FIG. 2. Saccular otolith mass absolute asymmetry jwj in Pleuronectiformes and standard length (LS)
[ , left-eyed (right side blind) ﬁshes; , right-eyed (left side blind) ﬁshes].
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left-eyed ﬁshes taken together was 0044  0008, n ¼ 67. The mean  S.E.
value of jwj is 0056  0007, n ¼ 67. According to a two-sample t-test the mean
value of jwj in right-eyed ﬂatﬁshes (Soleidae; Table I) taken together was signif-
icantly larger than in left-eyed ﬂatﬁshes (Bothidae and Citharidae; Table I)
(P < 001).
Similar results were obtained for otolith asymmetry of individual ﬁsh species.
According to the Wilcoxon sign rank test and sign test, the preferred location
of the heavier otolith on the blind side of the ﬁsh was signiﬁcant (P < 005) for
the right-eyed soleids, M. variegatus and S. solea, and all left-eyed bothids and
citharids: scaldﬁsh Arnoglossus laterna (Walbaum), wide-eyed ﬂounder Bothus
podas (Delaroche) and Atlantic spotted ﬂounder Citharus linguatula (L.) (Table I).
FIG. 4. Saccular otolith mass asymmetry (w) in left-eyed (right side blind) Pleuronectiformes and standard
length (LS) ( , Amoglossus laterna; , Bothus podas; , Citharus linguatula).
FIG. 3. Saccular otolith mass asymmetry (w) in right-eyed (left side blind) Pleuronectiformes and standard
length (LS) ( , Microchirus variegatus; , Monochirus hispidus, , Pegusa lascaris; , Solea solea; ,
Solea senegalensis).
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According to the Wilcoxon sign rank test, the preferred location of the heavier
otolith on the blind side of the ﬁsh was signiﬁcant (P < 005) for the right-eyed
soleids, whiskered sole Monochirus hispidus Raﬁnesque sand sole Pegusa lascaris
(Risso) and senegalese sole Solea senegalensis Kaup (Table I). According to the
sign test, however, the preferred location was not signiﬁcant (P > 005) for these
three species.
Thus, in the majority of right-eyed (left side blind) ﬂatﬁshes, the left saccular
otoliths are heavier than the right otoliths (Table I and Fig. 3). In the majority
of left-eyed (right side blind) ﬂatﬁshes, the right saccular otoliths are heavier
than the left otoliths (Table I and Fig. 4). There are exceptions, however (Table
I and Figs 3 and 4). Certain ﬂatﬁshes (13 of 110 studied or 118%) have the
heavier saccular otoliths in the eyed-side labyrinth. Other ﬂatﬁshes (six of
110 studied or 54%) have no otolith mass asymmetry (within the accuracy
of the measurement).
OTOLITH MODELLING
When modelling the effect of otolith mass asymmetry on sound sensitivity it
was assumed that the difference between otolith amplitudes must be greater or
close to the value of the threshold stimulus displacement of 00002–00005 mm
(Chapman & Sand, 1974; Lu et al., 1998). If it is assumed that threshold stim-
ulus displacement is strictly speciﬁed and equal to 00002 mm and because
964% of ﬁshes studied have jwj <02 and the maximal value of M ¼ 3485
mg (Table I), for the maximal values w ¼ 02 and M ¼ 40 mg the value of
DAxRL ¼ 000005 mm. For lighter otoliths and smaller jwj, the values of DAxRL
are substantially smaller. For a hypothetical sole with M ¼ 100 mg and jwj ¼
02 (the LS of such sole would be of 950 mm), the value of DAxRL ¼ 000007
mm. Thus, at the strictly speciﬁed threshold stimulus displacement, the right
and left sacculi will send practically indistinguishable signals in the brain. This
means that around the threshold stimulus displacement the ﬂatﬁshes studied
are not subjected to one-side deafness.
Using the previously elaborated equation (Lychakov & Rebane, 2005) the
time difference when the left and right paired otoliths attain their maximal dis-
placement was calculated. For the mean otolith mass asymmetry jwj ¼ 0070
and mass range of 40–100 mg, the time difference varied from 00009 to
00012 s. These time intervals are less than the minimum broadband-pulsed
sound period resolved by the ﬁsh auditory system of 00015 s (Wysocki &
Ladich, 2002). If jwj ¼ 02, the time difference varies from 00025 to 00035 s
for the same mass range of 40–100 mg.
To reveal the role of otolith mass asymmetry on sound localization the
apparent deﬂection angle, ba, was calculated. The angle between the long axis
of the macula and the longitudinal axis of the ﬁsh a is 45° (Platt, 1973). Using
the equation of Lychakov & Rebane (2005) for jwj ¼ 0070, a ¼ 45° and a mass
range from 40 to 100 mg, ba, varies from 28 to 33° at frequencies around
nmax. If jwj ¼ 02, ba varies, accordingly, from 81 to 93°. These angels are
smaller than minimum resolvable angles of the ﬁsh auditory system (Chapman
& Johnstone, 1974; Schujf & Buwalda, 1980).
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To reveal the role of otolith orientation on sound localization the roundﬁsh
mathematical model was applied to ﬂatﬁshes, but with regard to the unique
orientation of their saccular otoliths [compare Fig. 1(a), (b)]. ‘The ﬂatﬁsh sac-
cular otolith (sagitta) on both sides lies at roughly 45° to the dorso-ventral axis’
(Platt, 1973). In other words, when a ﬂatﬁsh lies on the ocean bottom, both
paired saccular otoliths and corresponding maculae lie at 45° to the bottom
[Fig. 1(b)]. The angle between the planes in which saccular otoliths lie opens
forward (rostrally) and equals 90°. Taking into consideration the model out-
lined above (details provided by Lychakov & Rebane, 2005), the effective dif-
ference between the right and left paired saccular otolith displacements can
occur if the axis of sound stimulation vector lies not in the horizontal but in
the vertical plane, that is, perpendicular to the ocean bottom [Fig. 1(b)]. There-
fore, when a ﬂatﬁsh lies on the bottom, its saccular otoliths are best suited to
determine not the azimuth but the elevation of the sound direction [Fig. 1(b)].
The value of the difference between the displacements of the large and small
paired otoliths can be calculated. This depends on the value of the otolith mass
asymmetry under the action of the force of gravity. Consider a ﬁsh is motion-
less and with dorsal ﬁn upwards, i.e. a resting ﬁsh is perpendicular to the ocean
bottom. Under these conditions, the inﬂuence of the otolith mass asymmetry
on the difference between the otolith displacements will be maximal and easily
calculated.
In this situation the value of the ﬁnal displacement of the saccular otolith
relative to macula under the action of the force of gravity is given by the equa-
tion (Lychakov & Rebane, 2004): x ¼ g0030563M 03644R ; where x is the ﬁnal
otolith displacement (mm), g is the acceleration of gravity (98 ms2) and MR
is the mass of the right otolith (mg). An analogous equation can be written
for the left otolith.
The equation for the difference in the ﬁnal displacement of the large and
small otoliths under the action of gravity is (Lychakov & Rebane, 2004):
Dx ¼ g0030563M 03644min ðV03644  1Þ ð1Þ
where Dx is the difference between ﬁnal displacements (mm) of the large and
small saccular paired otoliths, Mmin is the mass (mg) of the smaller saccular
otolith, V is the ratio of small, Mmin, and large, Mmax, saccular otoliths.
Setting the difference between ﬁnal displacements of the large and small paired
otoliths Dx (equation 1) equal to the value of the threshold otolith displacement,
001 mm (Goldberg & Ferna´ndez, 1975), the expressions for the critical level of
the otolith mass ratio are obtained: Vcrit ¼ ð1 þ 0033387M 03644min Þ27442.
It is possible to convert V to jwj and express Mmin in terms of M and w V ¼
(2  w) (2 þ jwj)1 and Mmin ¼ 05 M(2  jwj).
The critical level curve, jwjcrit curve, for the sacculus and observed values of
jwj for Pleuronectiformes and for marine roundﬁshesare shown in Figs 5 and 6.
If the observed value of the otolith mass asymmetry exceeds the value of the
critical level, i.e. jwj > jwjcrit, the ﬁsh will feel the difference between the dis-
placements of the large and small paired otoliths. If the observed otolith mass
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asymmetry is smaller than the value of the critical level, i.e. jwj < jwjcrit, the ﬁsh
will not distinguish the difference between the displacements of the large and
small paired otoliths. Calculation shows that 54 ﬂatﬁshes studied (49%) had
jwj > jwjcrit and 56 ﬁshes (51%) had jwj < jwjcrit (Fig. 5). The 520 marine round-
ﬁshes (855%) had jwj < jwjcrit and 88 ﬁshes (145%) had jwj > jwjcrit (Fig. 6).
According to the Mann–Whitney rank U-test, the distribution of jwj relative
to jwjcrit curve for ﬂatﬁshes (Fig. 5) differed signiﬁcantly (P < 001) from distri-
bution of jwj relative to jwjcrit-curve for marine roundﬁshes (Fig. 6).
FIG. 5. Relationship between critical saccular otolith mass asymmetry (jwjcrit) and observed values of
otolith mass asymmetry (jwj) in Pleuronectiformes and mean otolith mass (M; mean of the right and
left paired otolith masses). If jwjcrit <03, the curve ( ) for jwjcrit is ﬁtted by y ¼ 00916x 03644
with an accuracy of 05%.
FIG. 6. Relationship between critical saccular otolith mass asymmetry (jwjcrit) and observed values of
otolith mass asymmetry (jwj) in roundﬁshes and mean otolith mass (M; mean of the right and left
paired otolith masses). If jwjcrit <03, the curve ( ) for jwjcrit is ﬁtted by y ¼ 00916x 03644 with
an accuracy of 05%.
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The results for individual ﬂatﬁsh species are shown in Table I. According to
the Wilcoxon sign rank test and sign test, in 84% of right-eyed soleids the oto-
lith mass asymmetry exceed the value of the critical level (36 of 43 ﬁshes, P <
0001). These ﬁshes will feel the difference between the displacements of the
large and small paired otoliths. In contrast, only 27% of the left-eyed bothids
and citharids have an otolith mass asymmetry, which exceeds the value of the
critical level (18 of 67 ﬁsh, P < 001).
DISCUSSION
There are some similarities and distinctions, with respect to otolith mass
asymmetry characteristics, between the marine roundﬁshes (Lychakov et al.,
2006) and ﬂatﬁshes (present study). In both types of ﬁshes, the degree of the
saccular otolith mass asymmetry jwj does not depend on ﬁsh length or otolith
growth rate. In both groups, otolith mass, M, and otolith mass difference, jDj,
are correlated with LS. In the majority of marine roundﬁshes and ﬂatﬁshes, the
values of w are between 02 and þ02, respectively, in 975 and 964% of ﬁshes.
On the other hand, the mean value of jwj in ﬂatﬁshes is signiﬁcantly larger than
in marine roundﬁshes (0070  0006 and 0040  0006, respectively).
The most prominent difference between these types of ﬁshes is the existence of
one-sided prevalence of otolith mass asymmetry in ﬂatﬁshes (this study) and no
right-left prevalence in roundﬁshes (Lychakov & Rebane, 2004, 2005; Lychakov
et al., 2006). In total, however, 118% of ﬂatﬁshes have the heavier saccular oto-
liths in the eyed-side labyrinth and 54% of ﬂatﬁshes have no otolith mass asym-
metry (within the accuracy of the measurement).
It is not known at what stage of ﬂatﬁsh ontogeny one-sided saccular otolith
asymmetry develops. Mathematical modelling has shown that in roundﬁshes
the value and sign of w are stable during a ﬁsh’s lifetime (Lychakov et al.,
2006). This is also probably true for ﬂatﬁshes but with one principal provision.
Flatﬁshes are unusual among ﬁshes in that they ‘metamorphose abruptly into
ﬁsh that swim on one side, and lie on the ocean ﬂoor’ (Schreiber, 2006). It is
reasonable to assume that during metamorphosis the ‘natural’ otolith growth is
subjected to different inﬂuences which make possible the development of oto-
lith asymmetry (for example, due to asymmetry of blood supply for the eyed-
side and blind-side otolith organs). Thus, ﬂatﬁsh otolith growth appears to be
governed not only by genetic factors, but it may also be modiﬁed during ﬂat-
ﬁsh metamorphosis. These two patterns superimpose on one another and give
not only the one-sided otolith asymmetry but also account for the strong scat-
ter of w in ﬂatﬁshes (compare Figs 5 and 6). If one-sided otolith asymmetry is
only a by-product of ﬂatﬁsh metamorphosis, then it is clear why soleids, which
are much more bottom-associated than bothids or citharids (Ostroumova,
1971), have signiﬁcantly larger mean value of jwj, respectively, 0092 and
0056. It suggests that it is vital for the more mobile ﬂatﬁshes to have more
symmetric otolith organs than for less mobile species. Because of ‘resistance’
against otolith asymmetry lateralization, the number of ‘deviations’ (when
the eyed-side otoliths are heavier than the blind-side otoliths) is more in
bothids or citharids than in soleids, respectively, 239% (16 of 67 ﬁshes) and
7% (three of 43 ﬁshes). On average, the more mobile ﬂatﬁshes have more
2590 D. V. LYCHAKOV E T A L .
# 2008 The Authors
Journal compilation # 2008 The Fisheries Society of the British Isles, Journal of Fish Biology 2008, 72, 2579–2594
symmetrical and, hence, more precisely organized saccular otolith organs.
Hence, it is possible to assume that the value of otolith asymmetry is not only
determined by taxonomic position (family) or position of eyes, but it also may
correlate with aspects of their ecology. In roundﬁshes, there were no apparent
differences in w between benthic and littoral ﬁshes and pelagic ﬁshes (Lychakov
et al., 2006). Similar results were obtained for otolith asymmetry of individual
ﬁsh species studied (Lychakov et al., 2006).
Helling et al. (2005) found that in the right-eyed plaice Pleuronectes platessa
L. there is no signiﬁcant mass difference between right and left saccular oto-
liths. Otolith mass asymmetry for the paired saccular otoliths is distributed
around zero (Helling et al., 2005). In the left-eyed turbot Psetta maxima
(L.) the saccular otoliths in the right blind-side labyrinth are signiﬁcantly
heavier (Helling et al., 2005). Sogard (1991) found that in the juvenile winter
ﬂounder Pseudopleuronectes americanus (Walbaum) there was no signiﬁcant
tendency for the length of the saccular otoliths on one side to be large than
the other.
On the other hand very prominent mass and morphological asymmetries
were shown in a left-eyed ﬂatﬁsh Psetta maeotica (Pallas) (LS ¼ 55 cm) (Lychakov,
1996). In the left labyrinth there were two otoliths designed as a sandwich.
The upper otolith looked like an ornate buckle (Lychakov, 1996). The lower,
macular, otolith adjacent to the ﬁrst otolith had an ordinary shape (Lychakov,
1996). The combined mass of these two left otoliths was 7905 mg. The right oto-
lith had ordinary shape and mass of 11658 mg. Hence, w ¼ 03837. This large
asymmetry probably occurred through pathology (Lychakov, 1996). This con-
clusion is consistent with otolith morphometric data (Sogard, 1991; Helling
et al., 2005; present study) and ‘gross morphology’ results (Platt, 1973). In
cleared specimens of speckled sand-dab Citharichthys stigmaeus Jordan & Gilbert
and diamond turbot Hypsopsetta guttulata (Girard) there was no obvious asym-
metry in size and orientation between the right and left otoliths (Platt, 1973). In
addition, examination of transverse sections of whole heads indicated the bi-
lateral symmetry of the otolith organs of adult California halibut Paralichthys
californicus (Ayres) (Platt, 1973).
Thus, the majority of ﬂatﬁshes have the blind-side prevalence of saccular
otolith mass asymmetry but it is rather small (c. 7%). In some ﬂatﬁshes the
blind-side prevalence is absent or the eyed-side otoliths can be heavier than
the blind-side otoliths. To reveal the signiﬁcance of this small downside otolith
mass prevalence otolith displacement was modelled under sound stimulation or
gravity.
Before proceeding further, recall that the sacculi in standard bilaterally sym-
metric teleosts are the primary hearing receptors (Popper & Carlson, 1998).
Though ﬂatﬁshes are not hearing specialist, they are sensitive to sounds (Chapman
& Sand, 1974; Popper & Fay, 1993). Beside, there is good reason to believe that
sound reception in ﬂatﬁshes involves the saccular otolith organs (Chapman &
Sand, 1974). On the other hand, it is shown that ﬂatﬁsh sacculi have a major role
in tilt responses (Platt, 1973). ‘The sacculus-lagena is both necessary and sufﬁ-
cient for ocular compensation responses to lateral tilt’ (Platt, 1973). Thus, the
ﬂatﬁsh saccular otolith organs are involved in both hearing and gravity (vesti-
bular) perception (Chapman & Sand, 1974; Graf & Baker, 1990).
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Mathematical modelling has shown that only ﬁshes that contain the largest
otoliths and jwj > 02 could have difﬁculties with sound processing due to incom-
patibility and incongruity of the right and left otolith movements (Lychakov &
Rebane, 2005). In the overwhelming majority of standard bilaterally symmetric
teleost otolith mass asymmetry is within the range of 02 < w < þ02 or <20%,
and nearly 85% of symmetric ﬁshes had jwj < 005. (Lychakov & Rebane, 2004,
2005; Lychakov et al., 2006). Thus, for most roundﬁshes, otolith mass asymmetry
is well below critical values, so that most ﬁshes avoid functional hearing impairment
caused by otolith mass asymmetry.
The mean value of w in ﬂatﬁshes is signiﬁcantly larger than in marine round-
ﬁshes. Calculations, however, show that for the mean otolith mass asymmetry
jwj ¼ 0070 and deliberately extended mass range of 40–100 mg (compare with
measured otolith masses in Table I) saccular otolith asymmetry does not affect
discrimination of threshold stimulus, temporal processing or sound localization.
The large otolith mass asymmetry jwj> 02, which in principle can result in sensory
losses, occurred in only two of 110 ﬁshes (18%). Thus, theoretically, for most ﬂat-
ﬁshes one-sided saccular prevalence has no substantial implications for sound pro-
cessing. These ﬁshes have no need to compensate for the otolith asymmetry.
To reveal the role of otolith mass asymmetry on vestibular function the
mathematical model of the response of the ellipsoid-shaped otolith to the
action of the force of gravity was used (Lychakov & Rebane, 2000, 2004).
The value of the difference between the static displacement of right and left
ellipsoid-shaped otoliths was calculated depending on otolith mass asymmetry.
This displacement difference can be the main source of the different discharge
characteristics of the paired otolithic organs and hence the functional otolith
asymmetry. The calculation showed that 49% of ﬂatﬁshes and only 145%
of marine roundﬁshes have the otolith mass asymmetry in excess of the critical
level jwj > jwjcrit. Thus, about a half of ﬂatﬁshes and only 15% of standard
bilaterally symmetrical marine ﬁshes, in principle, are able to feel the difference
between the static displacement of the large and small paired otoliths.
Why do ﬂatﬁsh otolith organs not rotate within the skull, as the eyes do, so
that the otoliths retain their individual structural orientation relative to dorsal
ﬁn? This design in adult ﬂatﬁshes produces an unusual orientation relative to
the ocean bottom in comparison to roundﬁshes (Fig. 1). Calculations show
that this unique orientation provides optimal scope for determining the direc-
tion of a sound source in the vertical plane, which may be very useful for bottom-
adapted adult animals [Fig. 1(b)]. Thus, it may be that the saccular otoliths in
ﬂatﬁshes retain their orientation relative to dorsal ﬁn to determine the elevation
(angles in the vertical plane), whereas roundﬁshes are designed to determine the
azimuth (angles in the horizontal plane) [Fig. 1(b)]. It is worth noting the obser-
vation of Russian naturalists: ‘In case of impending danger, ﬂatﬁsh turns on an
edge with dorsal ﬁn upwards, and as a lightning quickly swims forward then again
turns by the blind side to the bottom and lies on the bottom’ (Ostroumova, 1971).
If this is so, the retention of the standard structural orientation of ﬂatﬁsh otoliths
may be of great importance for postural adjustment during this escape reaction.
In conclusion, gaining a complete understanding of the causes of unusual
sacculus orientation and blind-side otolith mass prevalence requires extended
physiological, morphological and ﬁeld investigations. There is a need to
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increase the amount of sampling (it especially concerns Soleidae) to fully appre-
hend the speciﬁc otolith mass relations in the individual species. It concerns the
otolith shape as well. It is well known that otolith shape is very labile and can
be a good population characteristic. On the other hand, mathematical model-
ling shows that the otolith shape variability can be of adaptive signiﬁcance and
can be caused by the need to tune the otolith organs to the predominant rec-
ognition of speciﬁc (relative head) sound directions (Lychakov & Rebane,
1993). The problem of otolith shape asymmetry, however, has been poorly
investigated. In addition, it will be very interesting to compare the otolith mass
asymmetry before and after metamorphosis.
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